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The structural and vibrational properties of the ethyl radical have been investigated by a series of
finite temperature simulations that treat the nuclei as quantum particles. The potential energy surface
of the electronic ground state has been described by a nonorthogonal tight-binding Hamiltonian that
provides results in reasonable agreement with ab initio methods. The quantum nature of the nuclei
has been described by path integral Monte Carlo simulations at temperatures between 25 and 1000
K. Special interest deserves the determination of anharmonic and tunneling effects in the zero-point
vibrational structure. In particular, we have studied the influence of anharmonic effects both on the
mean value and the quantum fluctuations of equilibrium bond lengths and bond angles. The local
structure of the radical center is found to be planar as a result of the zero-point motion of the atomic
nuclei, even though the minimum energy configuration exhibits a pyramidal structure for this center.
Anharmonic effects in the fundamental vibrational modes of the molecule are studied by a
nonperturbative approach based on the centroid density. This function is a path integral concept that
provides information on the static response of the system to applied external forces. Our study
reveals a softening of the stretching modes associated with the C–H bonds and a hardening of the
out-of-plane rocking motion of the methylene group. Both effects are in good agreement with
experimental and ab initio data. The softening of the C–C stretching mode predicted by our
simulations suggests a revision of the currently accepted experimental assignment for two
fundamental vibrations of the ethyl radical. The tunneling of an H atom between the methyl and
methylene groups has been investigated. These simulations should contribute to the open question
whether or not this process is responsible for the changes in the electron spin resonance spectrum
at low temperatures. © 2003 American Institute of Physics. @DOI: 10.1063/1.1591731#I. INTRODUCTION
Hydrocarbon radicals are unstable chemical species that
play an important role in many chemical processes, as in
hydrocarbon combustion chemistry, in organic reactions in-
volving halogen-substituted hydrocarbons, and in addition
reactions to a carbon–carbon double bond. The simplest of
these addition reactions is the combination of a hydrogen
atom with ethylene to form the ethyl radical, C2H5 . In con-
trast to the methyl radical, the structure of the ethyl and all
larger alkyl radicals is poorly characterized. The presence of
large amplitude skeletal and torsional motions is expected to
determine both the structure and dynamics of these unstable
species.1
A large number of experimental investigations have fo-
cused on spectroscopic properties of the ethyl radical, such
as vibrational frequencies, the internal rotation dynamics, hy-
perfine constants, and electronic transitions. Spectroscopic
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trix isolation techniques. Here the unstable species can be-
come long-lived, as they remain isolated in nonreactive cri-
ocrystals such as solid parahydrogen or argon.2 The IR
spectra of the ethyl radical was observed in argon matrices at
10 K by Pacansky et al.3,4 The spectra of isotopic species in
combination with ab initio calculations provided the basis
for the assignment of 10 out of the 15 fundamental vibra-
tional modes of the molecule. A more recent IR study of the
C2H5 radical in an argon matrix has led to the observation of
two additional bands.5 The small differences between the
experimental data of Refs. 3–5 were attributed to the per-
turbing effect of the different matrix environments on the
vibrational frequencies. An IR study of the radical in a ma-
trix of solid parahydrogen at 8 K provided evidence for the
three highest vibrational modes of the molecule, but failed to
detect the corresponding peaks for the remaining modes.6
The two lowest-frequency vibrational modes of ethyl are
the torsion and the out-of-plane rocking motion of the CH2
group. Both modes are strongly coupled and act as active8 © 2003 American Institute of Physics
o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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rotational spectrum of the torsional band has not been mea-
sured so far. However, a high resolution spectrum of the CH2
rocking fundamental at about 530 cm21 has been analyzed at
room temperature in the gas phase by IR laser transient ab-
sorption spectroscopy. The spectrum contains many torsion-
rotational transitions that provide evidence for a very low
torsional barrier of about 17 cm21 in the vibrational zero-
point configuration.1,7 High resolution IR spectra for both
symmetric and asymmetric CH2 stretches, at about 3037 and
3129 cm21, have been measured at 14 K in jet-cooled ethyl
radicals. The analysis of the rotational structure of the vibra-
tional bands leads to rotational constants that imply a C–C
bond distance of 149 pm.8 Experimental information on
other bond distances or bond angles of ethyl has not been
presented so far.
The presence of an unpaired electron in the ethyl radical
has motivated a number of interesting investigations. The
high-resolution electron spin resonance ~ESR! spectrum of
the ethyl radical in solid parahydrogen has been measured in
a temperature range between 3.1 and 6.7 K. The data ren-
dered possible the determination of rotational level splittings
in reasonable agreement with the results of IR absorption
spectroscopy.2 The ESR spectrum of the ethyl radical ob-
tained by the reaction of hydrogen atoms in an ethane matrix
with a high degree of crystalline order shows changes in the
widths and intensities of some individual lines upon cooling
from 30 to 10 K. These changes were tentatively attributed to
the influence of internal tunneling rotations on the methyl-
proton hyperfine splittings.9 However, a sound explanation
of this experiment is still missing. Muon spin resonance ex-
periments have been used to determine hyperfine parameters
for the gas phase radical.10,11 Other ESR studies have led to
hyperfine parameters in solid inert matrices.12–14 Electronic
properties of the excited states of the ethyl radical have been
investigated by photoionization mass spectrometry15 and
photoelectron spectroscopy.16
Theoretical studies including electronic correlation at
different levels of sophistication have provided ab initio
geometries,15,17–21 harmonic vibrational wave num-
bers,15,17,18,22 and hyperfine constants23–27 for the ethyl radi-
cal. The calculation of the torsional potential associated with
the internal rotation shows that the coupling between the
internal rotation and the other normal modes of the molecule
can have a substantial effect on the magnitude of the barrier
itself.28,29 The energy levels for the rotation and internal-
rotation of the ethyl radical have been studied by a model
Hamiltonian fitted to reproduce experimental rotational–
torsional transitions.7 These data improve previous results
obtained with a so-called rotation-contortion Hamiltonian.29
Calculated isotropic hyperfine coupling constants depend
quite sensitively on the internal rotation as well as on the
rocking motion of the methylene group. Therefore, an aver-
age over populated vibrational states is necessary to obtain
good agreement to experiment.24,25 The theoretical treatment
of vibrational effects also enables the study of isotopic sub-
stitution. The hyperfine coupling constants of the deuterium-,
protium-, and muonium-substituted radicals have been calcu-
lated by a variation-perturbation approach. This method in-Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject tcludes only three normal modes of the radical in the vibra-
tional average.26,27 The vibrational corrections for the
coupling constants amount to 23% for the muonium-
substituted radical and to 5% for the protonated radical.
Previous theoretical investigations of the ethyl radical
have either neglected anharmonic effects on the molecular
properties,3,4,15,18,19,23,30 or have treated them either
empirically,17,22 or by a vibrational average considering only
some vibrational modes.24,27–29 The motivation of the present
theoretical investigation is to present a more realistic treat-
ment of anharmonic and tunneling effects on the structural
and dynamic properties of the ethyl radical at finite tempera-
tures. A prerequisite for this strategy is the employment of a
technique that takes into account the quantum nature of the
atomic nuclei. Furthermore, a realistic description of the
Born–Oppenheimer potential energy surface ~PES! for the
electronic ground state of this molecule is also needed. In
order to meet these two requisites, we have combined finite
temperature Feynman path integral Monte Carlo ~PI MC!
simulations for the atomic nuclei31,32 with an electronic tight-
binding ~TB! Hamiltonian developed recently. The electronic
formalism has been parametrized on the basis of density
functional results.33,34 Then, our computational approach
treats both the electrons and the nuclei of the ethyl radical as
quantum particles. In the last years, the study of solids and
molecules at finite temperatures by combining electronic
structure methods and path integral simulations for the
atomic nuclei has led to a number of stimulating
contributions.35–41 Previously we have employed this ap-
proach to study ground and excited state properties of
ethylene42,43 as well as the effect of nuclear quantum fluc-
tuations on calculated nuclear magnetic resonance
shieldings.44,45
To assess the influence of the quantum fluctuations of the
nuclei on the structural and vibrational properties of the ethyl
radical, we have compared the results of the quantum PI MC
simulations with results of classical MC simulations, where
the atomic nuclei are treated as classical particles. In particu-
lar, we have studied anharmonic effects in geometrical pa-
rameters ~bond distances and bond angles!, in the local struc-
ture of the radical center ~planar versus pyramidal
configurations!, and in the internal energy of the molecule as
a function of temperature. Anharmonic shifts in the vibra-
tional wave numbers of ethyl have been derived with the
help of an approach based on the linear response of the mol-
ecule to small external forces.46 The coherent tunneling of an
H atom has been studied as a possible mechanism to explain
the changes in the ESR spectrum below 30 K.9
This paper is organized as follows: Section II summa-
rizes the computational method used in our simulations. The
PES derived by the employed TB Hamiltonian is compared
to available ab initio data in Sec. III, which is divided into
two subsections. In Sec. III A we analyze the geometry of
two molecular configurations and in Sec. III B we consider
the harmonic vibrational wave numbers. The results of the PI
MC simulations are presented in Sec. IV, which includes
several subsections. Section IV A focuses on the equilibrium
molecular structure at 25 K. Anharmonic effects on the fun-
damental vibrational wave numbers are studied in Sec. IV B.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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sented in Sec. IV C. The tunneling of an H atom between the
methyl (CH3) and methylene (CH2) groups is studied in
Sec. IV D. Concluding remarks are given in Sec. V.
II. COMPUTATIONAL METHOD
The validity of the Born–Oppenheimer approximation
leading to the movement of the nuclei on a PES defined by
the electronic energy is assumed in our simulations. The non-
orthogonal TB model of Seifert et al. has been used to cal-
culate the PES of the ethyl radical.33,34 This method leads to
geometries, vibrational frequencies, and reaction energies of
high accuracy. In particular, it has been proven to be suffi-
ciently accurate and transferable for complex carbon and
hydrocarbon systems.33,34 A critical review on the capability
of tight-binding methods for the modeling of materials can
be found elsewhere.47
In the path-integral formulation of statistical mechanics,
the partition function of a quantum system is evaluated
through a discretization of the density matrix along cyclic
paths, composed of a finite number of steps N .31,48–51 In the
numerical simulations, this Trotter number N causes the ap-
pearance of N ‘‘replicas’’ of a given quantum particle. Thus,
the practical implementation of the method relies on an iso-
morphism between the quantum system and a classical one,
defined by replacing each quantum particle ~here, each
atomic nucleus of the ethyl radical! by a ring polymer of N
classical particles. They are connected by harmonic springs
with a temperature-dependent force constant.49,50 In our
n-body system, the set of Cartesian coordinates of the n
atomic nuclei is defined as a 3n-dimensional vector
(x1 , . . . ,xi , . . . ,x3n), while the coordinates of the ring poly-
mers are denoted as xip , where the index p varies from 1
to N .
The sampling of the configuration space of the ring poly-
mers has been carried out by the Metropolis Monte Carlo
method at temperatures between 25 and 1000 K.52 A Monte
Carlo step ~MCS! is defined by: ~i! an attempt of a sequential
movement of the n3N Cartesian coordinates, xip , that de-
fine the ring polymers, and ~ii! an attempt of a sequential
rigid movement of the n ring polymers. For a given tempera-
ture a typical run consisted of the generation of 33104 MCS
for system equilibration, followed by 2.73105 MCS for the
calculation of average properties. The simulations have been
based on the ‘‘primitive’’ form of PI MC. Furthermore, the
‘‘crude’’ energy estimator has been used.53 The number of
‘‘replicas’’ N in the quantum paths was taken to be tempera-
ture dependent, according to the relation NT56000 K. This
condition has been proven to give sufficiently converged re-
sults for ethylene.54 Within the employed algorithm, the clas-
sical limit is easily obtained by setting the Trotter number as
N51. More details on the actual application of the method
can be found in Ref. 54.
The spatial probability density of the ‘‘replicas’’ that
build the ring polymers is an important observable. It maps
the spatial probability density of the atomic nuclei.49,50 The
centroid coordinate, Xi , is defined as the center-of-mass of
the ring polymer associated with a given nucleusDownloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject tXi5N21 (
p51
N
xip . ~1!
The centroid density, i.e., the spatial probability density of
the ring polymer centroids, also carries interesting physical
information.55–58 The linear response of the quantum system
to vanishingly small external forces is given by the mass-
weighted static susceptibility tensor, xT,46
x i j
T 5b~mim j!
1/2dXiX j , ~2!
where b reads (kBT)21 with T symbolizing the temperature
and kB the Boltzmann constant. mi is the mass of the nucleus
associated to the coordinate i , and dXiX j is the covariance of
the centroid coordinates Xi and X j . The knowledge of xT is
of large utility. It allows one to derive the harmonic linear
response ~HLR! approximation to the vibrational frequen-
cies, i.e., a method that is applicable even for highly anhar-
monic systems ~e.g., a particle undergoing quantum tunnel-
ing!. This approach represents a significant improvement
with respect to the standard harmonic approximation for the
treatment of a vibrational problem.46 Remember that all
commercial ab initio programs are only equipped with vibra-
tional techniques based on the harmonic approximation. The
HLR formula reads
v i ,HLR5S 1D iD
1/2
, ~3!
where the D i are the diagonal elements of the matrix defined
by diagonalization of xT, and v i ,HLR are the HLR approxi-
mation to the fundamental vibrational wave numbers, v i .
This approximation will be applied in Sec. IV B to study
anharmonic effects on the fundamental modes of the ethyl
radical. In Sec. III, we assess the capability of the TB model
to describe the PES of the electronic ground state of ethyl.
III. BORN–OPPENHEIMER POTENTIAL
ENERGY SURFACE
In Fig. 1 we display the two molecular configurations
~staggered and eclipsed! of the ethyl radical that are studied
in this section. The point group symmetry for both configu-
rations is Cs with a symmetry plane going through the atoms
labeled as H1, C1, and C2. In the following, the TB results
for relative energies, geometrical parameters, and harmonic
vibrational wave numbers of ethyl will be compared to avail-
able ab initio Hartree–Fock calculations with different treat-
ments of the electronic correlation ~i.e., to the MP2/6-31G*
results of Ref. 15 and to the QCISD/6-3111G** data of Ref.
17! as well as to density functional calculations ~i.e., to the
TZ2Pf/B3LYP results of Ref. 18!.
A. Molecular structure
The absolute energy minimum of the PES determined by
the TB Hamiltonian corresponds to the staggered ethyl con-
figuration. This result agrees with the ab initio
calculations.15,17 Geometrical parameters ~bond lengths and
angles! of the staggered configuration as derived by the TB
model are compared to ab initio results in Table. I. The C–C
bond distance is about 1% smaller than the average of the abo AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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by about 3%. These deviations are of the same order as those
encountered in our TB study of ethylene,42 and point to a
systematic error of the TB model. The ordering for the dif-
ferent C–H bond lengths in the staggered structure, i.e.,
d(C1 – H1).d(C1 – H2).d(C2 – H4), is predicted cor-
rectly by the TB model. We note that the largest deviation
found between the different ab initio data amounts to 1% for
the C–C bond and 0.5% for the C–H distances.
The deviation found between the TB and ab initio values
for some selected angles is typically smaller than 1%. An
exception is the rocking angle C1–C2–b2 ~see Fig. 1!, that
shows a certain dispersion even within the ab initio calcula-
tions. This angle determines the local structure of the radical
center at the CH2 group. A rocking angle of 180° would
FIG. 1. Schematic representation of the staggered and eclipsed configura-
tions of the ethyl radical. The numbering scheme of the atoms is given. The
dotted lines labeled as b1 and b2 are the bisection of the angles H2C1H3 and
H4C2H5, respectively. The orientation of the Cartesian axes is displayed at
the top.
TABLE I. Geometrical parameters ~bond lengths, d , and angles, a! of the
staggered minimum energy configuration of the ethyl radical. The param-
eters derived by the tight-binding method are compared to three sets of ab
initio values corresponding to the MP2/6-31G* calculation of Ref. 15, the
QCISD/6-3111G** data of Ref. 17, and the TZ2Pf/B3LYP results of Ref.
18, respectively. Bond lengths are given in pm.
d , a TB MP2 QCISD B3LYP
C1–C2 146.6 148.9 149.9 148.4
C1–H1 113.5 110.0 110.3 110.0
C1–H2 112.2 109.3 109.6 109.2
C2–H4 111.4 108.2 108.6 108.1
C2–C1–H1 113.3° 111.9° 111.6° 111.9°
H2–C1–H3 109.0° 108.1° 108.3° 108.2°
H4–C2–H5 116.1° 117.2° 117.6° 117.6°
b1–C1–C2 129.5° 128.4° 128.3° 129.5°
C1–C2–b2 157.0° 168.3° 169.0° 173.8°Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject timply a planar radical fragment. Both ab initio and TB cal-
culations predict a nonplanar radical unit. Note that the TB
model yields an even larger deviation from planarity. How-
ever, we anticipate that zero-point effects are essential in the
characterization of the local structure of this fragment.
The TB model predicts that the relative energy of the
eclipsed configuration of ethyl is 8 meV above the energy of
the staggered one. This value is in reasonable agreement with
the ab initio result of 6 meV.15 Geometrical parameters of the
eclipsed configuration are summarized in Table. II. For this
configuration only one set of ab initio data is available. De-
viations between the TB and ab initio results are of the same
order as those found in the staggered configuration.
B. Harmonic vibrational wave numbers
The TB results for the wave numbers of the harmonic
vibrational modes of the staggered ethyl configuration are
compared in Table III to ab initio and experimental data. The
type of the vibrational mode is given in the last column. We
note that the TB result for most modes lies within the inter-
val spanned by the lowest and the highest ab initio wave
number for the same mode. This can be considered as a
satisfactory result. The wave numbers corresponding to the
lowest vibrational modes, v9 and v15 , are somewhat under-
estimated by the TB model. v9 is associated to the rocking
of the CH2 group, while v15 corresponds to the torsion of
this group. A schematic representation of both vibrational
modes is given in Fig. 2. Although the dispersion of the TB
and ab initio harmonic wave numbers for the torsional mode
is relatively large, the physical significance of this deviation
should be considered as small. The reason is that the tor-
sional mode is responsible for the internal rotation of the
ethyl radical. The harmonic model, however, is not appropri-
ate for the description of such a process.
The comparison between ab initio harmonic wave num-
bers and experimental data is instructive in order to assess
the importance of anharmonic effects in the vibrational
modes. We have summarized in Table III the experimental
results of Pacansky et al.3,4 ~set A! and Chettur et al. ~set
B!.5 We have employed an assignment for the experimental
TABLE II. Geometrical parameters ~bond lengths, d , and angles, a! of the
eclipsed structure of the ethyl radical. The parameters derived by the tight-
binding method are compared to the ab initio MP2/6-31G* results of Ref.
15. Bond lengths are given in pm. The energetic separation from the stag-
gered ~minimum energy! configuration is given in meV.
d , a TB MP2
C1–C2 146.4 148.9
C1–H1 111.9 109.1
C1–H2 113.1 109.7
C2–H4 111.2 108.2
C2–H5 111.2 108.1
C2–C1–H1 111.4° 111.9°
C1–C2–H4 121.3° 121.8°
C1–C2–H5 120.9° 120.8°
H2–C1–H3 105.2° 106.4°
Energy difference 8 6o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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method are compared to three sets of ab initio values corresponding to the MP2/6-31G* calculation of Ref. 15, the QCISD/6-3111G** data of Ref. 17, and
the TZ2Pf/B3LYP results of Ref. 18, respectively. The two sets of experimental wave numbers were taken from Refs. 3 and 4 ~set A!, and from Ref. 5 ~set
B!, respectively. The wave numbers are grouped according to the irreducible representations (G i) of the normal modes. A standard notation is employed for
the type of vibrational modes: n for stretch, d for bend, and r for rock. All units in cm21.
G i TB MP2 QCISD B3LYP Expt. A Expt. B Type
v1 A8 3170 3244 3165 3142 3033 3036 ns CH2
v2 A8 3102 3153 3082 3034 2920 nas CH3
v3 A8 2934 3064 3033 2943 2842 2844 ns CH3
v4 A8 1511 1553 1506 1481 das CH3
v5 A8 1459 1538 1492 1466 1383 d CH2
v6 A8 1411 1471 1425 1400 1366 1369 ds CH3
v7 A8 1165 1110 1077 1060 1138 1133 ns CC
v8 A8 1015 1031 1002 980 1025 r CH3
v9 A8 407 465 455 494 540 532 CH2 rocking
v10 A9 3284 3352 3268 3241 3112 3114 nas CH2
v11 A9 3163 3199 3124 3078 2987 3036 nas CH3
v12 A9 1484 1558 1508 1481 1440 1442 das CH3
v13 A9 1201 1249 1214 1194 1175 1185 r CH3
v14 A9 759 841 815 813 d CH2
v15 A9 48 163 150 96 CH2 torsionand calculated wave numbers that is currently accepted in the
literature.3–5,18,22 Most ab initio harmonic wave numbers are
larger that the experimental ones, especially the wave num-
bers (v1 , v2 , v3 , v10 , and v11) associated with the
stretching of the C–H bonds. This expected systematic error
of ab initio harmonic wave numbers is often corrected by an
empirical scaling factor smaller than one.17,22 However, an
inverse anharmonic shift is found for the rocking mode, v9 ,
where the experimental wave number (540 cm21, set A! is
about 45– 75 cm21 larger than the ab initio harmonic wave
numbers. In the same line, we note that the experimental
wave number for the C–C bond stretch (v751138 cm21,
set A! is about 25– 80 cm21 larger than the ab initio values.
It is of great interest to check whether or not the anharmonic
effects derived from the TB model for the rocking (v9) and
FIG. 2. Sketch of the atomic displacements corresponding to the rocking
(v9) and torsional (v15) modes of the CH2 group of the ethyl radical. The
rocking mode is associated with an oscillation of the rocking angle around
its equilibrium value of 157°. The torsional mode implies a back and forth
rotation of the methylene group with respect to the C–C axis.Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject tthe C–C stretching (v7) modes lead to inverse anharmonic
shifts. In other words, if it is possible that anharmonic cor-
rections cause a hardening of the corresponding mode.
IV. PI MC SIMULATIONS
The results of the PI MC simulations of ethyl are ana-
lyzed in the following subsections. Special interest deserves
the identification of anharmonic affects in the structural and
dynamic properties of ethyl. Our next topic is the study of
the molecular structure at T525 K. This temperature is low
enough so that the molecule can be considered in its vibra-
tional ground state for all modes, except for the torsional
mode that is responsible of the internal rotation of the mol-
ecule.
A. Molecular structure
The probability density function ~pdf! of the C2H5 nuclei
at 25 K is displayed in Fig. 3 by a two-dimensional projec-
tion onto the yz plane. The results of a classical MC simu-
lation are shown in the top diagram, while those correspond-
ing to the quantum PI MC simulation are displayed in the
bottom diagram. The quantum fluctuations of the atomic nu-
clei are clearly seen by the larger spread of the pdfs in the PI
MC simulation. The hydrogen atoms of the CH2 group
spread over a large area due to the internal rotation of the
molecule. We note that the internal rotation is active in both
classical and quantum simulations at 25 K. The internal ro-
tation is more clearly seen in Fig. 4 by projections onto the
xz plane.
In Table IV we have summarized some equilibrium geo-
metrical parameters of C2H5 . The internal rotation causes
the C–H bond lengths of the methyl group to become iden-
tical, i.e., the three H atoms are dynamically equivalent. We
recall that in the minimum energy configuration of ethyl, the
three H atoms of the methyl group are topologically different
~see Table I!. The average bond lengths derived by quantumo AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
4333J. Chem. Phys., Vol. 119, No. 8, 22 August 2003 Ethyl radicaland classical simulations are expected to be equal in the har-
monic approximation. Therefore, the difference in the aver-
age bond lengths, ^d&, found in both simulations allows us to
quantify the anharmonic effect due to the zero-point motion
of the atomic nuclei. This effect causes an increase in the
equilibrium C–C bond length of 0.4% and an increase in the
equilibrium C–H bond lengths of about 2%. The equilibrium
C–C bond length of 147.2 pm is found to be in reasonable
agreement with the value of 149 pm, which was derived
from high resolution IR spectra.8
We note that, at T525 K, the standard deviations, dd ,
of the bond length distributions are larger in the PI MC simu-
lation than in the classical one. The larger fluctuations are a
consequence of the zero-point motion of the atomic nuclei.
For the C–H bond distributions, the standard deviation de-
rived by PI MC amounts to about 7% of the average bond
length. For the C–C bond distributions, dd amounts to about
3% of the equilibrium bond length.
The average bond angles, ^a&, in the quantum and clas-
sical simulations are only slightly different. Thus, one might
infer that anharmonic effects in the bond angles are rather
small. This conclusion is correct except for the rocking angle
C1–C2–b2, where there appear important anharmonic ef-
fects in both quantum and classical simulations. A first indi-
cation of this behavior is provided by the unusually large
value of the standard deviation, da, found for this angle in
the classical simulation. As the rocking angle determines the
local geometry of the radical center, it is interesting to study
the probability density function of the pyramidalization co-
FIG. 3. Probability density function of the C2H5 nuclei projected onto the
yz plane as derived by quantum ~a! and classical ~b! simulations at T
525 K.Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject tordinate h , which is defined in Fig. 5. h measures the devia-
tion of the radical fragment from the planar arrangement re-
alized at h50. The quantum and classical results for the pdf
of the coordinate h are presented in Fig. 6. The classical pdf
is of bimodal form. The peaks are found close to the value of
h corresponding to the staggered minimum energy configu-
ration. Remember that it is characterized by a pyramidal
structure around the radical center. The bimodal distribution
FIG. 4. Probability density function of the C2H5 nuclei projected onto the
xz plane as derived by quantum ~a! and classical ~b! simulations at T
525 K.
TABLE IV. Canonical averages of bond lengths, ^d&, and some interatomic
angles, ^a&, of the ethyl radical as derived by classical and quantum MC
simulations at 25 K. The corresponding standard deviations (dd , da! are
also quoted. ^d& and dd are given in pm. The estimated error bars are lower
than 0.1% for the mean values and lower than 0.5% for the standard devia-
tions.
Bonds
Classical MC PI MC
^d& dd ^d& dd
C1–C2 146.6 0.8 147.2 4.7
C1–H1, C1–H2, C1–H3 112.6 1.0 115.1 7.9
C2–H4, C2–H5 111.4 0.8 113.2 7.6
Classical MC PI MC
Angles ^a& da ^a& da
C2–C1–H1 111.6° 1.2° 111.5° 6.7°
H2–C1–H3 107.3° 1.8° 107.0° 8.0°
H4–C2–H5 116.4° 1.5° 116.4° 8.3°
C1–C2–H4 119.5° 1.5° 119.7° 7.0°
C1–C2–b2 160.1° 6.0° 161.7° 10.5°o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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The quantum pdf shows only one peak centered at h50, i.e.,
the average structure of the – CH2 unit is planar. This result
is a consequence of the anharmonicity of the zero-point mo-
tion of the atomic nuclei. It is in good agreement with the
analysis of the high resolution spectrum of the CH2 rocking
fundamental, which leads to the conclusion that the zero
point and vibrationally excited states of ethyl are remarkably
symmetrical.1
B. Anharmonic effects in the vibrational
wave numbers
Anharmonic effects in the fundamental vibrational
modes of ethyl are studied by applying the HLR approxima-
tion. This technique requires the calculation of the isothermal
susceptibility tensor, xT, defined in Eq. ~2!. The MC sam-
pling of zero frequency modes in the form of molecular
translations or global rotations leads to a singular suscepti-
bility tensor. This has to be traced back to the fact that the
eigenvalues of this tensor are inversely proportional to the
mode wave number @see Eq. ~3!#. A simple way to avoid this
technical problem is to perform a MC sampling defined by
collective random movements of the nuclei along the har-
monic normal modes of the molecule. They are—by
definition—orthogonal to the translational and rotational
modes. Thus, a MCS in the PI MC runs for the calculation of
the susceptibility tensor, xT, implies: ~i! an attempt of a se-
quential movement of each of the N molecular ‘‘replicas’’
FIG. 5. Definition of the coordinate h used to measure the planarity of the
radical fragment in the ethyl radical. A planar configuration is characterized
by h50, while pyramidal configurations are characterized by hÞ0.
FIG. 6. Probability density function of the coordinate h that characterizes
the local configuration of the radical center in the ethyl radical. The con-
tinuous line is the result of the quantum PI MC simulation at 25 K. The
dashed line displays the classical MC result. The arrow points to the value of
h corresponding to the minimum energy configuration of the ethyl radical.Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject talong each harmonic normal mode of the molecule; ~ii! an
attempt of a sequential movement of the centroids of the ring
polymers along the harmonic normal modes of the molecule.
This type of MC sampling has been applied satisfactorily to
calculate the isothermal susceptibility tensor of molecules
such as ethylene43 and HOCl.46
The internal rotation of the ethyl radical causes an addi-
tional complication in the application of the HLR approxi-
mation. This dynamic process leads to the failure of the HLR
approximation, for reasons analogous to its failure in the
presence of translations or global rotations of the molecule.46
Test simulations have shown that the internal rotation of the
molecule can be avoided by eliminating the rocking and tor-
sional modes from the MC sampling. These modes are
strongly coupled and act as active modes in the internal ro-
tation, a conclusion which is in line with previous theoretical
studies concerning vibrational effects on the torsional barrier
of the ethyl radical.28 In Fig. 7~a!, we display a yz projection
of the pdf of the C2H5 nuclei obtained with this type of
sampling at 25 K. This picture shows that the internal rota-
tion is suppressed by this particular MC sampling. In Fig.
7~b!, the pdf of the centroids, Xi , is displayed. From the
recorded centroid configurations used to plot this figure, one
can easily derive the covariances, dXiX j , of the centroid
variables, that are required in the HLR approximation @see
Eqs. ~2! and ~3!#. From this simulation, one gets information
of all vibrational modes except the rocking and torsional
ones. The anharmonicity of the rocking mode has been stud-
ied by additional simulations that include only the rocking
FIG. 7. ~a! Probability density function of the C2H5 nuclei obtained by PI
MC simulations at 25 K by sampling collective movements along selected
vibrational modes. The MC sampling includes all vibrational modes except
the rocking and the torsional modes. The displayed projection corresponds
to the yz plane. ~b! Probability density function of the ring polymer cen-
troids for the same simulation.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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sponds to an internal rotation it cannot be studied by the
HLR approximation.
Before presenting the HLR results for the other vibra-
tional modes, we display in Fig. 8 the results of the HLR
approximation for the rocking mode at different tempera-
tures. At the lowest studied temperatures, the wave number
of the rocking mode, v9,HLR5561 cm21, is found to be
larger than the harmonic result, v9,h , by about 154 cm21.
The calculated anharmonic wave number is much closer to
the experimental value of 540 cm21 than the harmonic re-
sult. The wave numbers derived from classical MC simula-
tions are also displayed in the figure. At low temperatures,
the classical HLR approach correctly converges toward the
harmonic result, v9,h . However, at higher temperatures the
HLR wave number increases due to the anharmonicity of the
vibrational mode, approaching the results derived by the
quantum simulations.
The anharmonic shifts in the wave numbers of the vibra-
tional modes are defined as
Dv i ,HLR5v i ,h2v i ,HLR , ~4!
where the v i ,h are the harmonic wave numbers derived from
the TB model ~see Table III!, and v i ,HLR are the wave num-
bers corresponding to the HLR approximation. The shifts,
Dv i ,HLR , obtained from our quantum simulations at 25 K are
summarized in Table V. The torsional mode, v15 , has not
been included in Table V as it corresponds to the internal
rotation. The TB results are compared to the anharmonic
shifts calculated as the difference between the harmonic
wave numbers determined by ab initio methods15,17,18 and
the experimental data of Pacansky et al.,3,4
Dv i5v i ,ab initio2v i ,expt . ~5!
From the three sets of ab initio data, the TZ2Pf/B3LYP
model18 leads systematically to the lowest anharmonic shifts,
the MP2/6-31G* model15 leads to the largest one.5 The re-
sults derived from the QCISD/6-3111G** data17 lie in be-
tween. Our calculated shifts, Dv i ,HLR , are positive for all
FIG. 8. Wave number of the fundamental rocking mode of the ethyl radical
derived by the HLR approximation at different temperatures. The results
obtained by quantum PI MC simulations are given by squares. The circles
are results derived by classical MC simulations. v9,h is the wave number of
the rocking mode in the harmonic approximation, and v9,expt is the experi-
mental wave number ~Refs. 3 and 4!.Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject tvibrational modes except for the rocking mode, v9 , and the
mode v14 . Note that positive shifts imply a softening of the
vibrational modes due to anharmonic corrections, while a
negative shift is associated to a hardening of the mode. The
largest positive anharmonic shifts correspond to the five vi-
brational modes (v1 , v2 , v3 , v10 , and v11) associated
with the stretching of the C–H bonds. This finding agrees
with the anharmonic shifts, Dv i , derived from the experi-
mental and ab initio values. The negative anharmonic shift of
the rocking mode derived in the TB model agrees in sign
with the ab initio based results.
Special interest deserves the analysis of the C–C stretch-
ing mode, v7 . By using the accepted experimental
assignment3,4 v7,expt51138 cm21, the anharmonic shift,
Dv7
a
, of this vibrational mode results to be negative for the
three sets of ab initio data. However, the anharmonic shift
for the C–C stretch is predicted to be positive by the HLR
approximation. This contradictory result leads us to suspect
that the assignment of the band at 1138 cm21 to the C–C
stretch mode is incorrect. In fact, anharmonic shifts of C–C
stretch vibrations of related molecules are systematically
positive. For example, the values derived from Eq. ~5! for
H3C– CH3 , H2C– CH2 , and HC–CH are all positive. They
amount to 21, 32, and 63 cm21, respectively.59 Considering
that there are no other unassigned fundamentals in this re-
gion of the spectrum ~see Table III!, we suggest to assign this
measured band—reported at 1138 cm21 by Pacansky et al.3,4
and at 1133 cm21 by Chettur et al.5—as overtone of the
rocking fundamental at 540 cm21. The rocking band is by
far the strongest one in the IR spectrum of the ethyl
radical.3–5 As a result of the negative harmonic shift found
for this vibrational band, it seems reasonable to expect its
TABLE V. Anharmonic shifts in the vibrational wave numbers of the ethyl
radical. The first column summarizes the results of the HLR approximation
at 25 K by using the TB model. The other columns show the difference
between the experimental wave numbers given by Pacansky et al. ~Refs. 3
and 4! and the harmonic wave numbers corresponding to the ab initio
MP2/6-31G* calculation of Ref. 15, the QCISD/6-3111G** data of Ref.
17, and the TZ2Pf/B3LYP results of Ref. 18, respectively. The anharmonic
shift corresponding to the stretching of the C–C bond (Dv7) is given by
considering two alternative assignments of the experimental wave numbers.
All values are in cm21.
TB MP2 QCISD B3LYP
Dv1 278 211 132 109
Dv2 295 233 162 114
Dv3 291 222 191 101
Dv4 21
Dv5 17
Dv6 16 105 59 34
Dv7
a 16 228 261 278
Dv7
b 16 85 52 35
Dv8 24
Dv9 2154 275 285 246
Dv10 313 240 156 129
Dv11 305 212 137 91
Dv12 7 118 68 41
Dv13 24 74 39 19
Dv14 221
aAssignment v7,expt51138 cm21.
bAssignment v7,expt51025 cm21.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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the fundamental band (1080 cm21). Moreover, a consistent
explanation of the theoretical and experimental results can be
achieved by the reassignment of the experimental vibrational
band determined by Chettur et al.5 at 1025 cm21. We sug-
gest that this peak is due to the C–C stretch vibration ~see
Table III!. We have presented the anharmonic shifts, Dv7
b
, in
Table V as derived by this new assignment. Now they be-
come positive in all cases. In Table VI, we summarize the
proposed corrections in the assignment of the experimental
vibrational bands. It should be mentioned that the assignment
of the experimental peak at 1138 cm21 to the C–C stretch
mode was considered by its authors as ‘‘by no means well
established.’’ 4 Unfortunately, this assignment has been cur-
rently accepted in the literature.3–5,18,22 Nevertheless, Hase
et al. have pointed out the inconsistency of an experimental
frequency that is larger than the ab initio harmonic result for
the C–C stretch.17
C. Anharmonic effects in the internal energy
The internal energy of the ethyl radical derived by PI
MC simulations as a function of temperature is displayed in
Fig. 9 by open squares. At the lowest temperature studied ~25
K!, the internal energy amounts to approximately 1.5 eV. The
results of the PI MC simulations are compared to the internal
energy of two different sets of quantum harmonic oscillators.
FIG. 9. Internal energy of the ethyl radical as a function of temperature. The
results of the PI MC simulations are represented by squares. The continuous
line shows the internal energy of a set of harmonic oscillators defined by the
normal mode frequencies of the molecule. The dashed line shows the energy
of a set of harmonic oscillators defined by frequencies determined by the
HLR approximation. The results of classical MC simulations are given by
open circles. while the classical limit in the harmonic approximation is
represented by a dotted line.
TABLE VI. Corrections proposed for the assignment of experimental vibra-
tional wave numbers of the ethyl radical. All values are in cm21.
Expt. band Previous assignment New assignment
1138,a 1133b C–C stretch Overtone CH2 rocking
1025b CH3 rocking C–C stretch
aReferences 3 and 4.
bReference 5.Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject tThe continuous line corresponds to the harmonic normal
modes derived from the TB model, while the dashed line
corresponds to oscillators defined by the HLR frequencies. In
the latter case, we have used the harmonic result of 48 cm21
for the torsional mode. It has been mentioned earlier that the
HLR approach cannot be applied to study rotational modes.
The anharmonic effect in the internal energy is measured by
the deviation between the results corresponding to the har-
monic normal modes and the PI MC approach. The harmonic
model overestimates the internal energy by about 8% in the
whole temperature range. However, a model defined by the
HLR wave numbers improves the determination of the inter-
nal energy. Now we have a relative error of about 2% in the
whole temperature range. This improvement demonstrates
that the HLR approximation is able to account for anhar-
monic effects in the vibrational problem that are neglected in
the harmonic approximation.
The comparison between kinetic and potential energy
contributions to the internal energy provides further evidence
of anharmonic effects in the ethyl radical. At 25 K the po-
tential energy is found to be about 3% larger than the kinetic
one, while at 1000 K the kinetic energy is about 3% larger
than the potential one. Note that both the kinetic and poten-
tial energy should be equal in the harmonic approximation.
The results of classical MC simulations for the internal
energy in Fig. 9 are shown as open circles. The dotted line
represents the classical limit in the harmonic approximation.
The deviation of the simulation results from the harmonic
approximation is noticeable only at the highest temperatures
studied, e.g., at 1000 K both results differ by about 4%. This
anharmonic behavior contrasts to the quantum case. Here the
anharmonic correction at low temperatures, caused by the
zero-point motion of the nuclei, is found to be comparable to
the anharmonic effect at the highest temperature studied.
D. Possibility of coherent tunneling
The ESR spectra of the ethyl radical trapped in a solid
ethane matrix change drastically when the temperature de-
creases below 30 K.9 A definite explanation of this effect is
still missing. In this work we want to check whether a co-
herent tunneling process involving the atom H1 in the stag-
gered structure of ethyl might be responsible for this behav-
ior. The tunneling process corresponds to the jump of the H1
atom between the methyl and methylene groups ~see Fig. 1!.
A prerequisite for this tunneling process is the suppression of
the internal rotation of the CH2 group. This behavior renders
possible so that the H1 atom can resonate between two sym-
metry equivalent positions. The high degree of crystalline
order in the ethane matrix used in the experimental setup
might be a factor favoring this condition.
A fingerprint for coherent tunneling in a PI MC simula-
tion is the spreading of the atomic nuclei over the two sym-
metry equivalent positions involved in the tunneling
process.60,61 Therefore, we have performed simulations at 25
K where the ring polymer of the H1 atom initially spreads
over the two symmetry equivalent positions. This tunneling
configuration of the ethyl radical is displayed in Fig. 10. The
main result of these simulations is that the tunneling configu-o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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numerical conditions. During the equilibration run, it jumps
spontaneously to the staggered ethyl structure. This behavior
is illustrated in Fig. 11 by the monitorization of the kinetic
energy along the simulation. The tunneling configuration is
characterized by a lower kinetic energy. This fact is a conse-
quence of the Heisenberg uncertainty principle. The larger
spatial uncertainty of the atomic nuclei in the tunneling con-
figuration is associated with a lower momentum uncertainty,
that translates into a lower kinetic energy. Along the simula-
tion run, the initial tunneling structure reverts toward a nor-
mal staggered structure with higher kinetic energy. There-
fore, the PI MC simulations do not provide any evidence for
a coherent tunneling process of a hydrogen atom between the
CH3 and CH2 groups at low temperatures.
V. CONCLUSIONS
We have presented full quantum simulations of the ethyl
radical. For this purpose we have combined a tight-binding
model to describe the potential energy surface of the elec-
tronic ground state, with path integral Monte Carlo simula-
FIG. 10. Probability density function of the C2H5 nuclei for a configuration
where the H1 atom tunnels between two symmetry equivalent positions. The
projection is displayed in the zy plane. The picture corresponds to an equili-
bration run at T525 K.
FIG. 11. Result of the monitorization of the kinetic energy along the equili-
bration run of an initial tunneling structure at 25 K. The tunneling structure
is characterized by a kinetic energy around 0.57 eV. This structure changes
during the equilibration run to a staggered structure characterized by a
higher kinetic energy. A KMCS is defined as 103 MCS.Downloaded 02 Mar 2010 to 161.111.180.191. Redistribution subject ttions to describe the quantum nature of the atomic nuclei at
finite temperatures. The tight-binding model has been com-
pared to available ab initio calculations based on both corre-
lated approaches on the basis of the Hartree–Fock determi-
nant and density functional theories. We have shown that the
tight-binding model provides a reasonable description of the
geometry and relative energies of the staggered and eclipsed
configurations of the ethyl radical, and also of its harmonic
vibrational wave numbers.
The quantum simulations have allowed us to quantify
the influence of the anharmonicity of the interatomic poten-
tial on some equilibrium properties of this molecule. An in-
teresting anharmonic result is the planar structure of the radi-
cal fragment. Thus, the averaged zero-point structure is more
symmetrical than the minimum energy configuration, charac-
terized by a nonplanar – CH2 unit. The hydrogen atoms of
the methyl group become dynamically equivalent as a con-
sequence of the internal rotation of the molecule. In the vi-
brational ground state, we find an increase of 0.4% in the
equilibrium C–C bond length due to anharmonic effects,
while the increase is about 2% for C–H bond lengths. The
standard deviation of the C–C bond length distribution
amounts to about 3% of the average bond distance. For the
C–H bonds, we predict larger quantum fluctuations due to
zero-point effects. They amount to roughly 7% of the corre-
sponding mean value. The anharmonic contribution to the
internal energy amounts to about 8% in the studied tempera-
ture range 25–1000 K.
Interesting anharmonic effects are found in the vibra-
tional modes of the ethyl radical. A nonperturbative approach
based on the relation between the centroid density and linear
response theory has been applied to calculate anharmonic
effects in the vibrational wave numbers. The well-known an-
harmonic corrections, i.e., the softening of the mode, are
found for all vibrational modes except two. The most impor-
tant inverse anharmonic correction, i.e., a hardening of the
mode, occurs for the rocking mode. This result agrees with
anharmonic shifts that are expected by comparison of experi-
mental and harmonic ab initio results for this mode. We find
that the anharmonicity in the C–C stretching mode leads to a
softening of this mode. This result bends us to propose a new
assignment of the experimental vibrational band associated
with the C–C stretching mode. The previously accepted as-
signment demands an inverse anharmonic effect that is in-
consistent with our anharmonic results and also with the an-
harmonic behavior found in related molecules.
We have explored the possibility for coherent tunneling
of a hydrogen atom between the methyl (CH3) and methyl-
ene (CH2) groups of the ethyl radical at temperatures below
30 K. The results of the quantum simulation suggest that the
probability for this tunneling process is extremely small.
Therefore, this mechanism cannot explain the change in the
ESR spectrum of the ethyl radical in an ethane matrix below
30 K.
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